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Ecosystem approach to management 
A B S T R A C T   
Southern Ocean marine ecosystems are highly vulnerable to climate-driven change, the impacts of which must be 
factored into conservation and management. The Commission for the Conservation of Antarctic Marine Living 
Resources (CCAMLR) is aware of the urgent need to develop climate-responsive options within its ecosystem 
approach to management. However, limited capacity as well as political differences have meant that little 
progress has been made. Strengthening scientific information flow to inform CCAMLR’s decision-making on 
climate change may help to remove some of these barriers. On this basis, this study encourages the utilisation of 
outputs from the United Nations’ Intergovernmental Panel on Climate Change (IPCC). The IPCC’s 2019 Special 
Report on the Ocean and Cryosphere in a Changing Climate (SROCC) constitutes the most rigorous and up-to- 
date assessment of how oceans and the cryosphere are changing, how they are projected to change, and the 
consequences of those changes, together with a range of response options. To assist CCAMLR to focus on what is 
most useful from this extensive global report, SROCC findings that have specific relevance to the management of 
Southern Ocean ecosystems are extracted and summarised here. These findings are translated into recommen-
dations to CCAMLR, emphasising the need to reduce and manage the risks that climate change presents to 
harvested species and the wider ecosystem of which they are part. Improved linkages between IPCC, CCAMLR 
and other relevant bodies may help overcome existing impediments to progress, enabling climate change to 
become fully integrated into CCAMLR’s policy and decision-making.   
1. Introduction 
The Intergovernmental Panel on Climate Change (IPCC), the United 
Nations (UN) body for assessing the science related to climate change, 
was created in 1988 to provide policymakers with timely scientific as-
sessments on climate change, its implications and potential future risks, 
and to put forward adaptation and mitigation options. The IPCC’s 
comprehensive Assessment Reports synthesise knowledge on climate 
change, its causes, potential impacts and response options, and aim to 
identify, through agreed and specific terminology, where there is 
agreement in the scientific community, where scientific consensus has 
not been established, and where further research is needed. The fifth 
Assessment Report (AR5) was published in 2014 [46], and following 
that, the IPCC Special Report on Global Warming of 1.5 ◦C (SR1.5; [47]) 
which outlined the projected risks of further warming. More recently, 
the IPCC Special Report on the Ocean and Cryosphere in a Changing 
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Climate (SROCC) was approved by the 195 UN member governments 
[48]. SROCC draws together the best available current knowledge on 
climate change with respect to the ocean and cryosphere, and, as with all 
IPCC assessments, underwent extensive community, specialist and 
government review. This generated 31,176 comments across three 
rounds of review, with each comment explicitly addressed. SROCC 
builds on and extends AR5 and SR1.5; its assessment of 6981 primary 
studies constitutes the most rigorous and up-to-date assessment of how 
the ocean and cryosphere are changing, how they are projected to 
change in the future under different climate scenarios, the consequences 
of those changes, together with a range of response options. It highlights 
the urgency of prioritising timely, ambitious and coordinated action to 
minimise and prepare for the impacts of these changes (Box 1). 
A key message from AR5 was that polar ecosystems are highly 
vulnerable to climate-driven change [46]. SROCC builds on this in its 
polar regions chapter (Chapter 3, [58]), assessing the state of physical, 
biological and social knowledge concerning the polar oceans and cryo-
sphere, how they are affected by climate change, and how they may 
evolve in the future. Concurrently, it assesses the local, regional and 
global consequences and impacts of individual and interacting polar 
system changes, and response options to reduce risk and build resilience 
in the polar regions. 
The focus of this paper is the Southern Ocean, which falls within the 
management purview of the Convention for the Conservation of Antarctic 
Marine Living Resources (hereafter the Convention) (Fig. 1) which provides 
the framework for conservation and the management of fisheries and 
related activities. In response to a history of over-exploitation of several 
other marine living resources in the Southern Ocean and increasing com-
mercial interest in fishing for Antarctic krill, Euphausia superba, a key 
component of the Antarctic marine ecosystem, the Convention entered into 
force in 1982, with the objective of conserving Antarctic marine life, 
establishing the Commission for the Conservation of Antarctic Marine 
Living Resources (CCAMLR, or the Commission hereafter) as its decision- 
making body. As a conservation-focused body and an integral part of the 
Antarctic Treaty System (ATS), CCAMLR differs from Regional Fisheries 
Management Organisations (RFMOs) in that it is able to address broader 
objectives of ecosystem conservation, including provisions in the Conven-
tion that bind Contracting Parties to a range of obligations in the Antarctic 
Treaty (Article III, Article IV.1, and Article V). The Convention’s principles 
of conservation (Article II of the Convention) include preventing a decrease 
of harvested populations below levels that ensure their stable recruitment; 
restoration of depleted populations; maintenance of the ecological re-
lationships between harvested, dependent and related populations of Ant-
arctic marine living resources; and prevention of changes in the marine 
ecosystem that are not potentially reversible over two or three decades. This 
emphasis on ecological relationships and resilience was a significant de-
parture from the previous established focus of fisheries management and 
conservation on specific species. The Convention predated the widespread 
use of the terms “ecosystem approach” and “ecosystem based management” 
from the late 1980s onwards but both terms have been retrospectively 
applied to CCAMLR’s approach [26,34]. Here we follow Constable [26] in 
using the term “ecosystem approach”. This is consistent with the definition 
of the term in the 1992 UN Convention on Biological Diversity, which 
emphasises “maintaining … ecological processes necessary to sustain the 
composition, structure and function of the … ecosystems concerned”. In 
practice CCAMLR has focused on precautionary measures to prevent 
disproportionate impacts on the predators of fished species [26,34], where 
“precautionary” effectively means “setting low catch limits and protecting 
areas from fishing” [42]. 
Under the Convention, the Scientific Committee was established as 
an independent body to provide advice to the Commission in relation to 
these conservation principles, based on the best available scientific in-
formation, and drawing on the outcomes of research from Members. 
Currently 25 states and the European Union are Members of the Com-
mission, with a further 10 states having acceded to the Convention. The 
Commission makes legally binding decisions about the formulation and 
implementation of regulations, known as Conservation Measures, 
through consensus. Working Groups assist in formulating scientific 
advice on key areas, with further input provided by Observers and 
invited experts. There are currently four Working Groups: Ecosystem 
Monitoring and Management (WG-EMM), Fish Stock Assessment (WG- 
FSA), Statistics, Assessments and Modelling (WG-SAM), and Acoustics, 
Survey and Analysis Methods (WG-ASAM). The expertise within the 
Box 1 
SROCC includes a brief synopsis with three key summary points that inform global responses to polar ocean and cryosphere change (Chapter 3, 
[58]): 
- Climate-induced changes in the ocean and cryosphere are having significant impacts both locally and globally – everyone is affected. 
- Across many aspects, the ocean and cryosphere regions of the future will appear significantly different from those of today. 
- Choices are available that will influence the nature and magnitude of changes, potentially limiting their impacts and increasing the effec-
tiveness of adaptation actions.  
Fig. 1. Map showing locations referred to in the text. The Convention Area 
(heavy black line) is divided into statistical areas and subareas for reporting and 
management. The Antarctic Treaty covers the area south of 60◦S. CCAMLR has 
designated two MPAs (see [11]), the first in 2009 at the South Orkney Islands 
Southern Shelf (green; [79]) and the second in 2016 in the Ross Sea region 
(blue), as well as the Larsen C Special Area for Scientific Study, designated in 
2017 (orange). Data from http://gis.ccamlr.org. 
Base map sources: ESRI, Garmin, GEBCO, NOAA and others. 
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Working Groups consists predominantly of ecologists, fishery scientists 
and ecological modellers. The Scientific Committee established the 
CCAMLR Ecosystem Monitoring Programme (CEMP) in 1985 as part of 
the ecosystem approach, to detect possible effects of krill fishing on the 
performance of krill-dependent predators, such as albatrosses, petrels, 
penguins and fur seals [2]. 
CCAMLR currently oversees fisheries for four different species. 
Antarctic krill accounts for more than 90% of the catch by weight 
(~450,000 t in 2019/20) in the Convention Area. This fishery is 
currently concentrated in the Southwest Atlantic sector of the Southern 
Ocean although it has previously operated in the seas off East Antarctica, 
which remain open to fishing [50]. Patagonian and Antarctic toothfish 
(Dissostichus eleginoides and D. mawsoni) are high value species caught by 
longline fisheries in multiple deep-water locations throughout the 
Southern Ocean [24,39]. Finally, mackerel icefish, Champsocephalus 
gunnari are caught in low volumes (<3000 t yr-1) by trawl fisheries 
operating in shelf areas around subantarctic islands (currently only 
South Georgia and Heard Island). 
The Commission was not established to specifically manage the im-
pacts of climate change, and the expertise within its Working Groups 
focuses upon harvested species, selected dependent predators, and 
changes in the ecosystem. However, within its ecosystem approach and 
under Article II of the Convention, CCAMLR is required to take into 
account the effects of environmental changes, a prescient consideration 
back in the early 1980 s. In recent years, information on the impacts of 
climate-driven change on Southern Ocean ecosystems has become 
increasingly important for CCAMLR and the wider ATS [35,44,76]. The 
Southern Ocean is amongst the most rapidly changing oceans of the 
world [54,58,80], with physical changes affecting ecosystem structure 
and processes (Box 2). It is therefore imperative that climate-driven 
ecosystem change, as well as the demand for fishery resources, is 
factored into the conservation and management of Southern Ocean 
species and ecosystems (e.g., [13,14,20,21,61,62,70,68,76,82]). 
In 2008, the Scientific Committee recognised that climate change 
may be important for management and asked its Working Groups to 
further consider the issue. It was agreed that there were three key areas 
of work required to enable the Scientific Committee to provide specific 
advice to the Commission on appropriate management responses to 
climate change ([71], paragraph 7.14), that would ensure the objectives 
of the Convention are met. These are:  
(i) “to examine the robustness of the scientific advice provided by 
the Scientific Committee and the stock assessments prepared by 
its Working Groups in the face of increasing uncertainty accom-
panying climate change, particularly in relation to predictions of 
future population responses and recruitment levels; 
(ii) to examine the need for, and implement as appropriate, im-
provements to current monitoring programmes of harvested 
species and dependent and related species to provide robust and 
timely indicators of climate change impacts;  
(iii) to determine whether CCAMLR’s management objectives and 
performance indicators require modification to remain appro-
priate in the face of climate change uncertainty.” 
Subsequently, the Commission also recognised the urgency of 
appropriate management responses to climate change, including 
adopting a Climate Change Resolution in 2009 [15]. This Resolution 
recognised that global climate change is one of the greatest challenges 
facing the Southern Ocean and urges increased consideration of climate 
change impacts to better inform CCAMLR management decisions. For 
Box 2 
Summary of processes by which environmental change can impact Southern Ocean ecosystems. 
Antarctic biota is highly specialised and adapted to the polar environment and seasonality over long evolutionary timescales [3,22,38]. The 
species and the ecosystems of which they are a part are strongly influenced by a range of physical drivers that interact and exert complex 
multi-directional effects throughout the food web, modifying structure and processes such as productivity, species distribution and connectivity 
[27,59,60,78,37,13,55]. 
Temperature. 
Atmospheric temperatures affect heat input to the ocean and influence meltwater. Species vary in their thermal tolerance, and temperature has a 
major role in polar ecological processes, including primary productivity, growth, metabolism, thermoregulation, life cycles, reproductive 
success, species assemblages and distribution [65]. 
Ocean acidification. 
At high latitudes, the cold surface ocean absorbs more CO2 from the atmosphere. Increased CO2 uptake causes acidification and conditions can 
become corrosive for calcium carbonate shell-producing organisms, with associated impacts on marine organisms and ecosystems [31,40]. 
Wind. 
Wind velocities, strength and position influence circulation, stratification, mixed layer depth (MLD), nutrient transport, oceanic carbon and 
oxygen uptake and storage, sea surface temperature and sea ice, all of which have ecological importance. For example, the effects of winds on 
MLD have been linked to major changes in phytoplankton biomass and community composition [30]. Wind also directly influences the dis-
tribution of species such as oceanic seabirds that rely on it to move between breeding and foraging sites [83]. 
Ocean circulation. 
The Antarctic Circumpolar Current (ACC) and its frontal systems, including circulating bodies of water known as eddies and gyres, has a key role 
in ecological processes such as nutrient cycling and primary production (e.g., eddies and gyres concentrate productivity in particular areas). It 
also influences species’ distributions (e.g., larval dispersal) and foraging strategies for some species are associated with frontal dynamics [7,81]. 
Sea ice, retreating glaciers, ice sheets and ice shelf loss. 
The annual seasonal advance and retreat of Antarctic sea ice influences physical conditions including the release of freshwater, ocean strati-
fication, light availability, vertical mixing and temperature. It also provides crucial habitat for many species [53]. Carbon uptake and storage by 
Antarctic benthic communities is predicted to increase with sea ice losses [4,5]. Changes to glaciers, ice sheets, and ice shelves are also 
important, e.g., iceberg calving can create new habitats for biological colonisation [9,49], as well as scouring of the seabed [45]. Furthermore, 
both glacial ice and sea ice can form a physical barrier, either allowing or restricting the movement and access of species.  
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over a decade now, CCAMLR has recognised the importance of inte-
grating relevant climate change research into its work (e.g., see [15,72], 
paragraphs 8.1–8.24). This recognition has been greatly influenced by 
the increasing body of research undertaken in this area by national and 
international programmes, including the Scientific Committee on Ant-
arctic Research (SCAR), e.g., SCAR’s Southern Ocean Observing System 
(SOOS; also overseen by the Scientific Committee on Oceanic Research 
(SCOR)), and the Integrated Climate and Ecosystem Dynamics in the 
Southern Ocean (ICED) programme (co-sponsored by SCAR and the 
Integrated Marine Biosphere Research (IMBeR) programme) [57,63]. 
These programmes have endeavoured to link closely with the Scientific 
Committee in this regard (e.g. [35,62]). Moreover, much of this research 
contributed to the syntheses and assessments in recent IPCC reports, 
including the SROCC [46,48]. 
However, despite the wealth of research that has been undertaken 
and the recognition of its importance, very little progress has been made 
to integrate climate change into CCAMLR’s decision-making, and in 
recent years discussions have stalled [32,84]. There is a pressing need to 
ensure that not only does climate change remain on the agenda, but that 
it becomes a major factor underpinning policy making and decisions, as 
required in the Convention text. Challenges for CCAMLR include the 
need to inform (i) how projected environmental changes may affect 
future fisheries and management practices [20,41,62,66,68,76,82]; (ii) 
principles and methodology for monitoring both change and the efficacy 
of management measures [8,28]; (iii) existing fishery management 
measures based on assessments of current and potential future 
climate-driven change [77]; (iv) development of spatial management 
tools, such as climate-smart Marine Protected Areas (MPAs) with asso-
ciated Research and Monitoring Plans [43,75,85]; and (v) development 
of a revised krill fishery management strategy [19]. 
Acknowledging that SROCC was commissioned by UN governments 
(which includes all CCAMLR Member governments) to provide the 
rigorous scientific basis upon which informed policy decisions could be 
made, and recognising that its findings will be useful in informing 
CCAMLR’s discussion of possible future monitoring and management 
actions in the context of climate change impacts, the relevant findings of 
SROCC for CCAMLR are extracted and summarised here. In line with the 
ecosystem approach, the focus is on harvested species, including Ant-
arctic krill and toothfish, as well as associated and dependent species, in 
terms of environmental changes, observed and projected ecological 
impacts of these changes, and management response options. In addi-
tion, acknowledging that IPCC assessments cannot provide policy advice 
(only the scientific advice upon which policy can be made), the findings 
are used to provide recommendations to CCAMLR, with the aim of 
ensuring that management becomes proactive and responsive to the 
effects of climate change. 
2. Materials and methods 
Within its ecosystem approach to management, it is important for 
CCAMLR to understand how climate-driven change will affect har-
vested, dependent and related populations, and what this will mean for 
the fisheries that target these species and how they are managed. Key 
findings to help inform CCAMLR in this regard were extracted from 
SROCC (see Supplementary Material, Table S1), particularly Chapter 3 
on the Polar Regions [58]. The information extracted was based on 
questions identified by CCAMLR’s Working Groups (see Supplementary 
Material, Table S2) with the following criteria: (i) geographical (Ant-
arctic information, with a particular focus on the Convention Area); (ii) 
key drivers of change (sea ice, ocean temperature, acidification, winds 
and circulation, see Box 2); (iii) key species (mainly harvested and CEMP 
species, see above and Supplementary Material, Table S3); (iv) response 
options relevant to the management of Southern Ocean fisheries and 
ecosystems. Refer to Table S1 for these extracted statements, noting that 
those of particular importance with respect to the above criteria are 
highlighted in bold. For ease of reference, the information in Table S1 is 
organised as overarching statements; Antarctic fish; Antarctic krill; 
CEMP species and other higher predators; and additional information 
from SROCC Chapter 5 on Changing Ocean, Marine Ecosystems, and 
Dependent Communities [6] and Chapter 6 on Extremes, Abrupt 
Changes and Managing Risk [25]. Statements that refer to the polar 
regions more generally, or to a combination of Arctic and Antarctic in-
formation, have been edited to remove Arctic-specific information 
where possible. Each statement in Table S1 has a cross-reference to the 
exact section of SROCC wherein further information and associated 
references can be found. A summary narrative drawing on these state-
ments, and particularly those highlighted in bold, is provided in Section 
3, summarising drivers of change; the effects of these on the marine 
ecosystem; and management responses. The wording in the summary 
narrative has been minimally edited from how the information is re-
ported in SROCC, and only so that it works as a narrative. To aid 
cross-referencing, each of the statements in Table S1 are numbered, and 
these numbers are then referred to in brackets throughout the main text 
of the paper, enabling the reader to find the relevant statements and 
associated links to SROCC. It is acknowledged that many of the summary 
statements included in Table S1 and Section 3 mask the detailed tem-
poral and spatial changes that have been observed over recent decades; 
that not all of the literature cited within SROCC is cited in this paper; and 
that information of broader relevance, on which we place less emphasis 
in this study, is included within SROCC, e.g. change in regions adjacent 
and connected to the Convention Area, and information about 
ecosystem services such as the blue carbon pathway. Therefore SROCC 
and associated literature should be consulted for more information. 
Supplementary Material Table S3 defines Representative Concentration 
Pathways (RCPs), which are the atmospheric carbon dioxide scenarios 
used by IPCC to investigate future climate change and its impacts. 
Table S3 also provides an explanation of IPCC confidence statements 
which are italicised throughout this paper. SROCC discusses knowledge 
gaps and uncertainty [1,58], as such the strongest conclusions can be 
drawn with regard to those statements assigned high confidence whereas 
those assigned low confidence require careful interpretation and further 
work. The IPCC is now developing its Sixth Assessment Report (AR6), 
due for release in 2022, and many of these issues will be progressed 
through this therefore continuing to engage with the IPCC process is key 
(Box 3). 
3. Key information provided by SROCC of particular relevance 
to CCAMLR 
SROCC is an extensive report; even the information of most relevance 
to CCAMLR’s ecosystem approach is substantial and is therefore pre-
sented separately in Table S1 with a summary narrative provided here, 
capturing the main points on key drivers of change, the effects of these 
on the marine ecosystem, and management responses (see Section 2). It 
should be noted that references to Table S1 in this section, and 
throughout the rest of the paper, are references to specific statements 
from SROCC (see Section 2). 
3.1. Summary of key environmental changes assessed in SROCC of 
particular relevance to CCAMLR 
The polar regions are losing ice, and their oceans are changing 
rapidly (Table S1, a). The Antarctic ice sheet is losing mass, accelerating 
global sea level rise (Table S1, Statement 6). Overall, Antarctic sea ice 
cover exhibits no significant trend over the period of satellite observa-
tions (1979–2018). However, there has been considerable regional 
variability in trends, with a large decrease in sea ice in the Amundsen 
and Bellingshausen seas compensated to a degree by ice gain in the 
Weddell and Ross seas. Because Antarctic sea ice extent has remained 
below climatological values since 2016, there is still potential for longer- 
term changes to emerge (Table S1, Statement 5). There is low confidence 
in projections of Antarctic sea ice because of multiple anthropogenic 
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forcing (ozone and greenhouse gases) and complex processes involving 
the ocean, atmosphere, and adjacent ice sheet (Table S1, Statement 11). 
There is high confidence that the Southern Ocean has continued to 
warm in recent years, being disproportionately and increasingly 
important in global ocean heat increase. In contrast to the Arctic, the 
Antarctic continent has seen less uniform temperature changes over the 
past 30–50 years, with warming over parts of West Antarctica and no 
significant overall change over East Antarctica, though there is low 
confidence in these changes given the sparse in situ records and large 
interannual to interdecadal variability (Table S1, Statement 2). Coupled 
Model Intercomparison Project Phase 5 (CMIP5, managed by the World 
Climate Research Programme) projections indicate that observed 
Southern Ocean warming trends will continue under RCP4.5 and 
RCP8.5 scenarios (see Table S3 for information on the different RCPs), 
leading to 1–3 ◦C warming by 2100 mostly in the upper ocean (Table S1, 
Statement 10). 
The Southern Ocean is continuing to remove CO2 from the atmo-
sphere and to acidify (Table S1, Statement 1), and it is very likely that the 
Southern Ocean will experience year-round conditions of surface water 
undersaturation for mineral forms of calcium carbonate by 2100 under 
RCP8.5; under RCP2.6 the extent of undersaturated waters are reduced 
markedly. Imperfect representation of local processes and sea ice 
interaction in global climate models limit the ability to project the 
response of specific polar areas and the precise timing of under-
saturation at seasonal scales (Table S1, Statement 13). 
Circumpolar winds have strengthened in recent decades, but the ACC 
has shown minimal change in transport and position. However, the 
Southern Ocean eddy field has intensified, with current loops and 
vortices becoming stronger (Table S1, Statement 9). These trends are set 
to continue (Table S1, Statement 50); however, low confidence is ascribed 
to the CMIP5-based model projections of future Southern Ocean circu-
lation and water mass properties. In terms of oxygen decline, the 
Southern Ocean (and the north Pacific) have shown the largest overall 
declines across the global oceans (medium confidence) (Table S1, State-
ment 51). Significant wave heights (the average height from trough to 
crest of the highest one-third of waves) are projected to increase across 
the Southern Ocean (high confidence), and extreme waves are projected 
to increase under RCP4.5 and RCP8.5 (high confidence) (Table S1, 
Statements 52,53). 
3.2. Summary of key ecological changes assessed in SROCC of particular 
relevance to CCAMLR 
Fig. 2 provides a visual summary of key drivers that are causing or 
projected to cause direct effects on Southern Ocean marine ecosystems. 
Climate-induced changes in ocean and sea ice have contracted the range 
of polar fish and ice-associated species (high confidence), e.g., there has 
been a southward shift in the distribution of Antarctic krill in the South 
Atlantic, the main area for the krill fishery (medium confidence) 
(Table S1, Statement 4). Although some recent analyses have not 
detected trends in long-term Antarctic krill abundance in parts of the 
South Atlantic sector, the spatial distribution and size composition of 
krill in this sector may already have changed in association with change 
in the sea ice environment (medium confidence) and may result in 
different regional trends in numerical krill abundance (medium confi-
dence) (Table S1, Statement 31). Since AR5, there has been an increasing 
body of evidence of climate-induced changes in populations of some 
Antarctic higher predators such as seabirds and marine mammals. These 
changes vary between different regions of the Southern Ocean and 
reflect differences in key drivers, particularly sea ice extent and food 
Box 3 
Recommendations. 
CCAMLR is encouraged to continue working towards including climate change considerations in developing its management procedures, and to 
accelerate the pace of this work to ensure that management is responsive to the effects of change, thereby reducing the risks of additional 
negative ecosystem impacts. To enhance the scientific foundation for decision-making with specific relevance to climate change, it is recom-
mended that CCAMLR: 
Assesses the risks climate change presents to its objectives using available information sources: 
• Improves mechanisms to coordinate and undertake targeted activities in support of identifying and integrating relevant scientific research 
outputs on climate change into the work of the Scientific Committee and its Working Groups. 
• Invites contributions from external experts to ensure access to additional relevant expertise as appropriate. 
• Further develops mechanisms to ensure that CCAMLR is well informed about climate change research, particularly as the UN IPCC process 
continues to develop relevant outputs, including AR6 and all subsequent reports. This could involve the establishment of a standing Working 
Group on Climate Change that reports directly to the Scientific Committee. 
• Encourages input by its Members to the IPCC process as authors and reviewers, as well as through contributions to the published literature. 
Identifies the most important risks and aims to understand, reduce and manage these risks: 
• Encourages research focused on the continued conservation of Southern Ocean ecosystems in a changing climate by facilitating relevant data 
collection and responding appropriately to relevant findings. 
• Actively engages with SCAR, SOOS, ICED and other relevant bodies to develop priorities for scientific research (Fig. 3). 
• Actively engages with organisations or others that manage vessels or assets that might increase opportunities for collection of relevant in-
formation, e.g., International Association of Antarctica Tour Operators (IAATO) and Association of Responsible Krill harvesting companies 
(ARK). 
• Actively engages with diverse stakeholders to facilitate knowledge-exchange and consider stakeholder values in decision-making processes 
related to climate change and ecosystem based management. 
Ensures timely responses to information about these risks, including what action will be taken: 
• Develops a work programme with the specific aim of ensuring that the management of all CCAMLR managed fisheries incorporates planning 
and adaptation pathways that include short-, medium- and longer-term actions to minimise climate change impacts on harvested species and the 
ecosystem.  
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availability (high confidence) across regions (Table S1, Statements 
35–43). In addition to these direct effects on krill, fish and higher 
predator species, there are numerous indirect effects, for example, 
observed changes in seasonal sea ice extent and thickness and ocean 
stratification are altering marine primary production (high confidence) 
with impacts on ecosystems (medium confidence). Changes in the timing, 
duration and intensity of primary production have occurred in both 
polar oceans, with marked regional or local variability (high confidence). 
In the Antarctic, such changes have been associated with locally rapid 
environmental change, including retreating glaciers and sea ice change 
(medium confidence) (Table S1, Statement 3). Rates of calcification (by 
which marine organisms form hard skeletons and shells) declined in the 
Southern Ocean by 3.9 ± 1.3% between 1998 and 2014 (Table S1, 
Statement 1). Differences in sensitivity and the scope for adaptation to 
projected levels of ocean acidification exist across a broad range of 
marine species groups. (Table S1, Statement 13). 
Future climate-induced changes in the Southern Ocean will drive 
habitat and biome shifts, with associated changes in the ranges and 
abundance of ecologically important species (medium confidence). Pro-
jected shifts include further habitat contraction and changes in species 
abundance, including marine mammals, birds, fish, and Antarctic krill 
(medium confidence) (Table S1, Statement 14). The distribution of Ant-
arctic krill is expected to change under future climate change because of 
changes in the location of the optimum conditions for growth and 
recruitment. The optimum conditions for krill are predicted to move 
southwards (medium confidence). The greatest projected reductions in 
krill due to the effects of warming and ocean acidification are predicted 
for the Southwest Atlantic/Weddell Sea region (low confidence), which is 
the area of highest current krill concentrations, contains important 
foraging grounds for krill predators, and is also the main area of oper-
ation of the krill fishery (Table S1, Statement 32). Ecosystem model 
results suggest that the effects of warming on krill growth off the Ant-
arctic Peninsula and in the Scotia Sea translate to increased risks of 
declines in krill predator populations, particularly penguins, under both 
RCP2.6 and RCP8.5. (Table S1, Statement 47). Future warming may 
reduce the planktonic duration and increase egg and larval mortality for 
fish species. This is predicted to affect dispersal patterns, with potential 
consequences such as reduced population connectivity, which may in 
turn affect the ability of fish species to adapt to ongoing environmental 
change (Table S1, Statement 23–27). Given differences in temperature 
tolerances for Patagonian toothfish (with a wide temperature tolerance) 
and Antarctic toothfish (limited by a low tolerance for water tempera-
tures above 2 ◦C), the latter may be faced with reduced habitat and 
potential competition with southward-moving Patagonian toothfish 
under climate change (very low confidence) (Table S1, Statement 28). 
These differences in temperature tolerance of toothfish may have im-
plications for future fisheries, for example if changes in species distri-
bution occur or recruitment is affected (Table S1, Statement 29). 
3.3. Information provided by SROCC on Southern Ocean ecosystem 
management 
SROCC notes that the principles of the ecosystem approach to fish-
eries management are embedded within the CCAMLR Convention 
(Table S1, Statement 19), and that innovative tools and practices in 
polar resource management and planning show strong potential in 
improving capacity to respond to climate change (high confidence). 
(Table S1, Statement 17). These include adaptive management that 
combines annual measures and within-season provisions informed by 
assessments of future ecosystem trends to reduce the risks of negative 
climate change impacts on polar fisheries (medium confidence) (Table S1, 
Statement 15), and CEMP, which aims to monitor important land-based 
krill predators to detect the effects of the krill fishery on the ecosystem. 
Currently, there is no formal mechanism for choosing which data are 
needed in a management procedure for krill or how to include such data. 
However, this information will be important in enabling CCAMLR 
fisheries management to respond to the effects of climate change on krill 
and krill predators in the future (Table S1, Statement 19); and devel-
oping pathways for spatial resilience involving systematic planning and 
designating networks of protected areas to protect connected tracts of 
representative habitats, and biologically and ecologically significant 
features. Protected area networks that combine both spatially rigid and 
spatially flexible regimes with climate refugia can support ecological 
resilience to climate change by maintaining connectivity of populations, 
food webs, and the flow of genes across scales. This approach reduces 
direct pressures on biodiversity, and thus gives biological communities, 
populations and ecosystems the space to adapt (medium confidence). The 
planning of protected area networks is currently an active topic of in-
ternational collaboration in both polar regions (Table S1, Statement 21). 
Furthermore, commercial fisheries management responses to climate 
Fig. 2. Schematic summary of key drivers that are causing or are projected to cause direct effects on Southern Ocean marine ecosystems. Projected changes 
(indicated by an asterisk) are for high emissions scenarios. The cross-sectional view of the Southern Ocean ecosystem shows the association of key functional groups 
(marine mammals, birds, fish, zooplankton, phytoplankton and benthic assemblages) with Southern Ocean habitats. 
(Source: Figure 3.6, [58]). 
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change impacts in the Southern Ocean may need to address the 
displacement of fishing effort due to poleward shifts in species distri-
bution (low confidence). Fisheries in the Southern Ocean are relatively 
mobile and are potentially able to respond to range shifts in target 
species. Management responses will also need to adapt to the effects of 
future changes in sea ice extent and duration on the spatial distribution 
of fishing operations (Table S1, Statement 20), and to the effects of 
changing wave intensity on the safety and feasibility of fishing opera-
tions (Table S1, Statements 52,53). 
4. Discussion and recommendations 
SROCC can be used by CCAMLR as a compendium of peer-reviewed 
and robust scientific information and understanding about climate 
change, and its impact on the ecosystem that CCAMLR is tasked by in-
ternational agreement to conserve and manage. However, SROCC is an 
assessment and does not replace the detailed scientific research and 
activities undertaken by the wider scientific community (Fig. 3). While it 
is imperative that the information in SROCC is understood and acted 
upon by decision-makers, this undoubtedly remains a challenge for 
CCAMLR. It is likely that bodies with responsibilities for managing 
fishery resources in other regions of the world, with their proliferating 
remits and limited capacity, will also find this challenging. 
SROCC, as with all IPCC assessments, is prohibited from being policy 
prescriptive. As such it cannot advise policymakers on what they should 
do and can only comment on potential outcomes of different policy 
decisions. Therefore, in summarising relevant information from SROCC 
and translating this into recommendations to CCAMLR, this paper helps 
bridge this gap to effective policymaking and policy implementation in 
the context of climate change impacts on Southern Ocean ecosystems 
and fisheries. This approach could be replicated for other regional ma-
rine resource management bodies to help maximise the impact of IPCC 
assessments in supporting decision-making and management for marine 
systems around the world. 
The relevance of SROCC findings to CCAMLR’s ecosystem approach 
to management are clear. The ecological effects of climate-driven 
change include alterations to key ecosystem structure and processes, 
including primary production (high confidence) (Table S1, Statement 3); 
range contractions of polar fish and ice-associated species (high confi-
dence) (Table S1, Statement 4); and changes to life history traits, 
morphological, physiological and behavioural characteristics of top 
predators, as well as their patterns of activity (migration, distribution, 
foraging and reproduction) (high confidence) (Table S1, Statement 38). 
Furthermore, changes such as projected increases in wave heights and 
extreme waves (high confidence) will need to be factored into risk as-
sessments of future fishery operations (Table S1, Statements 52,53). 
SROCC emphasises that the projected effects of climate-induced 
stressors on polar marine ecosystems present risks for commercial fish-
eries with implications for economies and the global supply of fish and 
Antarctic krill (high confidence) (Table S1, Statement 15, see also 
Fig. S1). Specific impacts will depend on both the nature and effects of 
future climate change and on the strategies employed to manage the 
effects on harvested species and the ecosystems that support them 
(medium confidence) (Table S1, Statement 15). 
Key advice from SROCC is that actions to prepare for, and minimise 
the negative impacts of climate change are more likely to be successful if 
they include (i) flexible policies for adaptive ecosystem governance, that 
allow adjusting responses to complex ecosystem impacts caused by 
different climate change scenarios and extreme events; (ii) short-term 
risk reduction (adaptation) concurrent with long-term planning to 
build resilience to address expected and unexpected impacts; and (iii) 
enhanced systems to monitor key processes and changes, to inform/ 
update flexible policies. 
CCAMLR has several existing tools and strategies that have the po-
tential to address the above three points; some of these are mentioned in 
SROCC (Section 3.3 above). To support the development and imple-
mentation of these management tools, CCAMLR is able to draw upon a 
broad range of research and advice via the Scientific Committee and its 
Working Groups. This advice is typically contributed by its Members, 
and increasingly involves collaborative and international science pro-
grammes such as SCAR, ICED and SOOS. Interactions between CCAMLR 
and relevant science bodies, as well as with the IPCC, can help to define 
priorities for further work (Fig. 3), and development of these relation-
ships will continue to benefit management. 
In terms of flexible policies that allow adjusting responses to 
ecosystem impacts, CCAMLR’s framework of Conservation Measures 
provides for new management measures to be implemented or revised 
by the Commission on a regular basis, based on advice from the Scien-
tific Committee and its Working Groups. Such measures can include the 
definition of catch limits or closed areas as well as the spatial distribu-
tion of catches within larger areas, and further use of these tools could 
contribute to short-term risk reduction and adaptation, if based on sci-
entific evidence available at the appropriate temporal and spatial scales. 
A recent agreement to provide interim protection for marine areas 
exposed by ice shelf retreat or collapse is also designed to facilitate 
scientific study in these areas in the short term, which may inform 
additional protection and help further understanding of the ecological 
implications of climate change impacts [77]. Longer-term planning to 
Fig. 3. Interactions between CCAMLR, other 
science bodies and the IPCC, including iterative 
processes where requests for information result 
in the provision of advice. IPCC assessments 
and special reports, including SROCC, do not 
replace the detailed scientific research and ac-
tivities undertaken by CCAMLR and the South-
ern Ocean research community; rather SROCC 
has assimilated their findings to provide a state- 
of-the-art assessment that can inform their 
ongoing activities as well as influencing policy. 
Further development of the relationships be-
tween these bodies and the IPCC, and improved 
mechanisms for communication and the flow of 
information, will continue to enhance Southern 
Ocean management. Side boxes on policy & 
management and on stakeholder engagement 
show the connections of this system for scien-
tific assessment to decision making and to 
diverse stakeholder groups beyond the scienti-
fic community, including industry, conserva-
tion organisations and the wider public.   
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build resilience includes the establishment of MPAs, as recognised by the 
objectives for MPAs set out by CCAMLR which include “the protection of 
areas to maintain resilience or the ability to adapt to the effects of 
climate change” (CCAMLR Conservation Measure 91–04, [17]). 
CCAMLR’s implementation of the ecosystem approach to date has 
focused mainly on the trophic relationships between predators and prey 
[26], while work towards a representative network of MPAs [11] in-
dicates a recognition that spatial processes are also important. The de-
gree of spatial connectivity within and between ecosystems is a major 
influence on their resilience to impacts ([29]; see also Table S1, State-
ment 21). Positive and negative effects of connectivity are both possible. 
Examples of positive effects include the ability of connected populations 
to recolonise impacted habitats, as Antarctic fur seals recolonised South 
Georgia following over exploitation [64]. Examples of negative effects 
include the rapid spread of invasive species or disease. Understanding of 
the spatial structure and connectivity of Southern Ocean ecosystems is 
incomplete. For example, for the purposes of management and many 
ecological studies, the circumpolar population of Antarctic krill is 
divided into broad longitudinal sectors [50,86], whereas genomic 
studies suggest a homogenous circumpolar population and bacterial 
epibiont communities suggest a high level suggest a high level of spatial 
structure at the scale of a few hundred kilometres [23]. In projection 
models, krill population connectivity mediates the propagation of 
climate change effects through the foodweb such that impacts on krill in 
one location affect predators in other locations [51]. Improved under-
standing of key aspects of connectivity, including beyond the Conven-
tion Area, and how they contribute to resilience should be a research 
priority [63]. 
CCAMLR has agreed two MPAs to date, at the South Orkney Islands 
(CCAMLR Conservation Measure 91–03, [16]) and the Ross Sea region 
(CCAMLR Conservation Measure 91–05, [18]) (Fig. 1), and proposals for 
new MPAs in the Weddell Sea, the Antarctic Peninsula and East 
Antarctica are under discussion. In particular, the proposed Antarctic 
Peninsula MPA is designed to protect key life-history stages of various 
species, including under climate change scenarios, and aims to establish 
scientific reference areas to evaluate the potential impacts of climate 
change on the marine ecosystem [74]. 
The process for reviewing and revising MPAs, including with the use 
of scientific reference areas, is critical to ensuring their effectiveness, 
particularly in response to the impacts of a changing climate. Well- 
designed MPA Research and Monitoring Plans provide a framework 
for the collection and analysis of new information, assessment of specific 
threats to biodiversity and evaluation of change, including with the use 
of relevant baseline data and indicators where possible. Indicators can 
be based on metrics that assess aspects such as recruitment and recovery, 
as well as adaptive capacity, and should be specific to the objectives of a 
particular MPA [56,85]. MPA review processes can therefore use this 
information to develop enhanced and responsive management, which 
may include the consideration of revised boundaries to ensure that 
features associated with specific objectives remain adequately protected 
into the future. 
Other localised actions can complement MPAs, such as the desig-
nation of Vulnerable Marine Ecosystems (VMEs), increasing resilience 
by reducing or removing the negative impact from other drivers [9,36]. 
In response to a United Nations General Assembly Resolution to close 
areas to bottom fisheries until appropriate measures have been put in 
place to prevent significant adverse impacts on VMEs, a suite of mea-
sures was adopted by CCAMLR [69]. There are now over 50 registered 
VMEs across the Convention Area [36], and VME indicator taxa include 
those with high carbon storage potential, such as cold water corals [9]. 
The prohibition of all bottom trawling activities in the Convention Area 
reduces impacts on benthic ecosystems, bringing a range of benefits 
including protection of biodiversity which in turn plays a role in climate 
regulation via the blue carbon pathway [4,5,14,33]. 
CCAMLR also has other systems in place that can be used to monitor 
change and deliver the scientific information required to inform and 
update flexible policies. For example, CEMP was established to monitor 
ecosystem change and help identify the ecosystem effects of krill fishing, 
and stock assessment models are regularly updated with new informa-
tion to set catch limits for the toothfish fishery. Enhancement of these 
systems to consider the impacts of climate change would be beneficial in 
providing further support to adaptive decision-making. A review of 
CEMP (as recently proposed by Members) would provide a timely op-
portunity to ensure that its remit expands to include detection and 
attribution of climate change effects on the ecosystem. 
In 2019, CCAMLR agreed a new framework for managing the fishery 
for Antarctic krill, which includes the use of a risk-based approach [19]. 
As it develops, the new framework will need to evaluate not only risks to 
the fishery and to the krill stock itself, but also to krill-dependent 
predators and other ecosystem components. Importantly, however, it 
will also need to integrate considerations related to marine spatial 
planning, recovery of previously over-exploited taxa, and climate 
change. The initial work to implement the new framework will therefore 
need to expand in scope, moving towards true ecosystem-based fisheries 
management (sensu [52]). In time, appropriate spatial management (i. 
e., open and closed areas) must be fully integrated with CCAMLR’s krill 
management framework to adequately protect and conserve the marine 
ecosystem. Further, as spatial management can also facilitate the 
designation of scientific research, or reference areas, such areas will be 
important in disentangling harvesting and climate change as drivers of 
ecological change. 
SROCC states that the capacity of governance systems in polar re-
gions to respond to climate change has strengthened recently, but that 
the development of these systems is not sufficiently rapid or robust to 
address the challenges and risks to societies posed by projected changes 
(high confidence) (Table S1, Statement 18). While CCAMLR’s existing 
management framework includes a range of tools providing the capacity 
to respond to climate change [67], further work is needed to ensure that 
this becomes fully operationalised [32]. CCAMLR has a substantial 
workload, and although climate change has been identified as a specific 
item in its meeting agendas for more than a decade, there is often limited 
time for detailed discussion, as well as a lack of relevant climate science 
expertise. Discussions on climate change in international fora have often 
stalled or been derailed for political reasons, with CCAMLR no exception 
[67,84]. However, efforts to improve the scientific background to these 
discussions, including through utilisation of IPCC output, may help to 
remove some of these obstacles, and would have significant benefits for 
management. Specific recommendations on how CCAMLR might ach-
ieve this in practice are provided below (Box 3). 
Strengthening scientific information flow to inform CCAMLR’s 
decision-making on climate change is an important step but is not the 
whole picture. Engaging with diverse stakeholder groups beyond the 
scientific community, including industry, conservation organisations 
and the wider public, is important to facilitate knowledge-exchange and 
action on climate change ([12,73]; Table S1, Statement 16). As 
human-driven pressures on the region increase [10,21,36], so too will 
the demand for, and importance of, Southern Ocean ecosystem services 
which provide a range of benefits to society [14,70]. While the man-
agement measures discussed above are important, e.g. MPAs can help to 
protect multiple ecosystem services such as harvested species, the blue 
carbon pathway and tourism, CCAMLR’s actions alone cannot prevent 
climate-driven changes to Southern Ocean ecosystems. Integrated 
management across the ATS is needed, as well as cooperation between 
CCAMLR and neighbouring RFMOs, and with international conservation 
agreements [84]. Above all, global policy and action on climate change 
must be implemented. 
In 2021, CCAMLR is set to convene its annual meetings prior to the 
26th UN Climate Change Conference of the Parties (COP26) that will 
bring together heads of state, climate experts and campaigners to 
attempt to agree further coordinated action to tackle climate change. It 
is vital that CCAMLR, as an integral part of the ATS, demonstrates that it 
is addressing the implications of climate change on the conservation and 
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protection of Antarctica. Having pioneered the ecosystem approach to 
fisheries management four decades ago, CCAMLR now has the potential 
to provide further leadership by integrating climate change into its 
management and policy-making. 
CRediT authorship contribution statement 
Rachel D. Cavanagh: Conceptualization, Methodology, Writing - 
original draft, Supervision. Philip N. Trathan: Conceptualization, 
Methodology, Writing - original draft. Susie M. Grant: Conceptualiza-
tion, Methodology, Visualisation, Writing - original draft. All other au-
thors: Writing - review & editing. 
Acknowledgements 
The British Antarctic Survey authors (RC, SG, PH, SH, EM, JT and PT) 
are supported by Natural Environment Research Council (NERC): 
NERC/BAS Ecosystems ALI-Science funding. The participation of MM 
was funded by NERC via award NE/N018095/1 and via the EU under 
grant agreement 821001. 
Appendix A. Supporting information 
Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.marpol.2021.104589. 
References 
[1] N. Abram, J.-P. Gattuso, A. Prakash, L. Cheng, M.P. Chidichimo, S. Crate et al., 
Framing and Context of the Report. In: IPCC Special Report on the Ocean and 
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M. Edwards, M. Eléaume, L. Emmerson, K. Fennel, S. Fielding, H. Griffiths, J. Gutt, 
M.A. Hindell, E.E. Hofmann, S. Jennings, H.S. La, A. McCurdy, B.G. Mitchell, 
T. Moltmann, M. Muelbert, E. Murphy, A.J. Press, B. Raymond, K. Reid, C. Reiss, 
J. Rice, I. Salter, D.C. Smith, S. Song, C. Southwell, K.M. Swadling, A. Van de Putte, 
Z. Willis, Developing priority variables (“ecosystem Essential Ocean Variables” — 
eEOVs) for observing dynamics and change in Southern Ocean ecosystems, J. Mar. 
Syst. 161 (2016) 26–41, https://doi.org/10.1016/j.jmarsys.2016.05.003. 
[29] V. Dakos, A. Quinlan, J.A. Baggio, E. Bennett, O. Bodin, S. Burnsilver, Principle 2 – 
manage connectivity. Principles for Building Resilience: Sustaining Ecosystem 
Services in Social-Ecological Systems, Cambridge University Press, Cambridge, UK, 
2019, pp. 80–104. 
[30] S.L. Deppeler, A.T. Davidson, Southern ocean phytoplankton in a changing climate, 
Front. Mar. Sci. 4 (2017) 40, https://doi.org/10.3389/fmars.2017.00040. 
[31] B. Figuerola, A.M. Hancock, N. Bax, V.J. Cummings, R. Downey, H.J. Griffiths, 
J. Smith, J.S. Stark, A review and meta-analysis of potential impacts of ocean 
acidification on marine calcifiers from the Southern Ocean, Front. Mar. Sci. 8 
(2021) 22, https://doi.org/10.3389/fmars.2021.584445. 
[32] L. Goldsworthy, E. Brennan, Climate change in the Southern Ocean: is the 
Commission for the Convention for the Conservation of Antarctic Marine Living 
Resources doing enough? Mar. Policy 130 (2021), 104549 https://doi.org/ 
10.1016/j.marpol.2021.104549. 
[33] B. Gogarty, J. McGee, D.K.A. Barnes, C.J. Sands, N. Bax, M. Haward, R. Downey, 
C. Moreau, B. Moreno, C. Held, M.L. Paulsen, Protecting Antarctic blue carbon: as 
marine ice retreats can the law fill the gap? Clim. Policy 20 (2020) 149–162, 
https://doi.org/10.1080/14693062.2019.1694482. 
R.D. Cavanagh et al.                                                                                                                                                                                                                           
Marine Policy 131 (2021) 104589
10
[34] S.M. Grant, S.L. Hill, P.N. Trathan, E.J. Murphy, Ecosystem services of the Southern 
Ocean: trade-offs in decision-making, Antarct. Sci. 25 (2013) 603–617, https://doi. 
org/10.1017/S0954102013000308. 
[35] S.M. Grant, and P.A. Penhale, Conveners’ Report of the Joint CEP/SC-CAMLR 
Workshop on Climate Change and Monitoring. SC-CAMLR-XXXV/07. SC-CAMLR 
XXXV, Hobart, Australia, 2016. 
[36] Grant, S.M., Waller, C.L., Morley, S.A., Barnes, D.K.A., Brasier, M.J., Double, M.C., 
et al. (in press). Local drivers of change in Southern Ocean ecosystems: human 
activities and policy implications. Front. Mar. Sci. 
[37] J. Gutt, N. Bertler, T.J. Bracegirdle, A. Buschmann, J. Comiso, G. Hosie, E. Isla, I. 
R. Schloss, C.R. Smith, J. Tournadre, J.C. Xavier, The Southern Ocean ecosystem 
under multiple climate change stresses–an integrated circumpolar assessment, 
Glob. Change Biol. 21 (2015) 1434–1453, https://doi.org/10.1111/gcb.12794 (in 
review). Local drivers of change in Southern Ocean ecosystems: human activities 
and policy implications. Front. Mar. Sci. Gutt, J., Bertler, N., Bracegirdle, T. J., 
Buschmann, A., Comiso, J., Hosie, G., et al. 
[38] J. Gutt, E. Isla, J.C. Xavier, B.J. Adams, I.Y. Ahn, C.C. Cheng, C. Colesie, V. 
J. Cummings, G. di Prisco, H. Griffiths, I. Hawes, I. Hogg, T. McIntyre, K. 
M. Meiners, D.A. Pearce, L. Peck, D. Piepenburg, R.R. Reisinger, G.K. Saba, I. 
R. Schloss, C.N. Signori, C.R. Smith, M. Vacchi, C. Verde, D.H. Wall, Antarctic 
ecosystems in transition – life between stresses and opportunities, Biol. Rev. Camb. 
Philos. Soc. 96 (2021) 798–821, https://doi.org/10.1111/brv.12679. 
[39] S. Hanchet, A. Dunn, S. Parker, P. Horn, D. Stevens, S. Mormede, The Antarctic 
toothfish (Dissostichus mawsoni): biology, ecology, and life history in the Ross Sea 
region, Hydrobiologia 761 (2015) 397–414, https://doi.org/10.1007/s10750-015- 
2435-6. 
[40] S.F. Henley, E.L. Cavan, S.E. Fawcett, R. Kerr, T. Monteiro, R.M. Sherrell, A. 
R. Bowie, P.W. Boyd, D.K.A. Barnes, I.R. Schloss, T. Marshall, R. Flynn, S. Smith, 
Changing biogeochemistry of the Southern Ocean and its ecosystem implications, 
Front. Mar. Sci. 7 (2020) 581, https://doi.org/10.3389/fmars.2020.00581. 
[41] R. Hilborn, T.P. Quinn, D.E. Schindler, D.E. Rogers, Biocomplexity and fisheries 
sustainability, Proc. Natl. Acad. Sci. U. S. A. 100 (11) (2003) 6564–6568, https:// 
doi.org/10.1073/pnas.1037274100. 
[42] S. Hill, From strategic ambiguity to technical reference points in the Antarctic krill 
fishery: the worst journey in the world, Environ. Conserv. 40 (2013) 394–504, 
https://doi.org/10.1017/S0376892913000088. 
[43] M.A. Hindell, R.R. Reisinger, Y. Ropert-Coudert, L.A. Hückstädt, P.N. Trathan, 
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